We report multifrequency Very Long Baseline Array observations of twelve active galactic nuclei seen toward the Galactic anticenter. All of the sources are at |b| < 10 • and seven have |b| < 0.
Introduction
Refractive index fluctuations in the interstellar plasma, caused by electron density fluctuations, cause compact radio sources to be angularly broadened (Rickett 1990) . Interstellar angular broadening has been observed for pulsars (e.g., Gwinn, Bartel, & Cordes 1993) , masers (e.g., Frail et al. 1994) , and active galactic nuclei (e.g., Fey, Spangler, & Cordes 1991) . Though AGNs typically display intrinsic structure comparable to the level of angular broadening observed on many lines of 1 NRC/NRL Post-doctoral Associate 2 Current address: Remote Sensing Division, NRL, Code 7210, 4555 Overlook Ave. SW, Washington, DC 20375-5351; lazio@rsd.nrl.navy.mil sight (∼ milliarcseconds), surveys of angular broadening tend to focus on AGNs because they are strong sources, uniformly distributed on the sky, and suffer from none of the distance ambiguities normally associated with Galactic sources. Nevertheless, such surveys (e.g., Dennison et al. 1984; Fey, Spangler, & Mutel 1989; Fey et al. 1991) have been biased toward the inner Galaxy because of the general enhancement of interstellar scattering seen toward the inner Galaxy (Dennison et al. 1984; Cordes, Weisberg, & Boriakoff 1985; Cordes et al. 1991; Taylor & Cordes 1993, hereinafter TC93) .
At Galactic latitudes |b| > 10 • , the angular diameter at 1 GHz due to interstellar scattering of a point source is approximately 1 mas (sin |b|) −1/2 (Duffett-Smith & Readhead 1976) . At low latitudes the scattering becomes stochastic and its magnitude depends upon whether the line of sight intersects a clump or localized region of intense scattering (Dennison et al. 1984; Cordes et al. 1985; Cordes et al. 1991; TC93) . At extremely low latitudes |b| < 1 • , sources toward the anticenter may show enhanced broadening due to an extended H II disk of the Galaxy.
The H I disk of the Galaxy extends to a Galactocentric distance of 25-30 kpc (Burton 1992) . There is a small body of evidence that hints that the radial extent of the H II disk may equal or exceed that of the H I disk:
• Savage, Sembach, & Lu (1995) find C IV absorption along the line of sight to H 1821+643 (ℓ = 94 • , b = 27 • ). Among the velocity components contributing to this absorption is low-density (n ∼ 5.6 × 10 −3 cm −3 ), warm (T ∼ 10 4 K) gas at a velocity of −120 km s −1 , corresponding to a kinematic Galactocentric distance of 25 kpc.
• The H I disks of nearby galaxy are truncated at radii of order 25-50 kpc, at which the surface density drops to N H I ∼ < 2 × 10 19 cm −2 (Corbelli, Schneider, & Salpeter 1989; van Gorkom 1991) . This truncation is observed even for galaxies without nearby companions and likely occurs where the disks become optically thin to the intergalactic ionizing flux (Corbelli & Salpeter 1993) . Charlton, Salpeter, & Hogan (1992) have proposed that at least some of the low-redshift Lyα clouds seen in quasar spectra may be due to residual H I in extended, nearly fully ionized disks of normal spiral galaxies. Our Galaxy would then be a prototypical, z = 0 absorber.
• Material blown out of the Galactic disk by the action of clustered supernovae may account for a fraction of high-velocity clouds and later return to the disk, forming a Galactic fountain (Shapiro & Field 1976; Bregman 1980; Houck & Bregman 1990; Spitzer 1990; Kahn 1991) . Models of high-velocity clouds often require the material to be supported by gas pressure at large Galactocentric radii, R ∼ > 25 kpc (e.g., Bregman 1980) .
The line of nodes of the H I disk is approximately constant with Galactocentric radius and centered near a Galactic longitude of 170 • . Presuming that the H II disk is oriented similarly to the H I disk, low-latitude sources toward the anticenter would sample the longest path lengths through the H II disk and would be expected to show the largest enhancement from this extended disk. Figure 1 illustrates the enhanced angular broadening expected as a function of the e −1 radial scale length A 1 . A recent effort to constrain A 1 (TC93) found comparable fits for A 1 ≈ 20-50 kpc. This large range is allowed because of the dearth of anticenter scattering measurements.
In this paper we report multifrequency Very Long Baseline Array observations of twelve anticenter sources, seven of which have |b| < 0.
• 5. As Fig. 1 illustrates, the nominal resolutions of the VLBA are such that 18 cm observations are sensitive to scale lengths of A 1 ∼ > 100 kpc and 90 cm observations should detect scattering even if A 1 ∼ < 10 kpc. In §2 we describe the observations and data reduction, in §3 we present the results for individual sources, and in §4 we present a preliminary analysis of the angular diameters. A companion paper (Lazio & Cordes 1997 , hereinafter Paper II) combines these observations with the other scattering measurements in the literature and uses a likelihood analysis to constrain the distribution of scattering the outer Galaxy.
Observational Program
The sources observed in this project were selected from the Northern Sky Catalogs (20 cm: White & Becker 1992 , catalog acronym WB; 6 cm: Becker, White, & Edwards 1991, catalog acronym BWE) and the 6 cm MIT-Green Bank survey (Bennet et al. 1986; Langston et al. 1990; Griffith et al. 1990 ). Our selection criteria were that the source have a flat spectrum with a spectral index |α| ≤ 0.5, that it be classified as point-like to the Green Bank 100 m telescope, and that it be unlikely to be a Galactic radio source (Taylor & Gregory 1983; Gregory & Taylor 1986 ). Sources were also selected to lie within a cross-shaped region in the Galactic anticenter described by 150 • < ℓ < 210 • and |b| < 0.
• 5 or ℓ ≈ 180 • and |b| < 10 • . Sources near or behind known H II regions (Sharpless 1959) or supernova remnants (Green 1986; Green 1991) , objects which might enhance the scattering, were excluded.
Because the above surveys were performed with single-dish telescopes, the source positions were not sufficiently accurate for VLBI. We therefore undertook a VLA survey to refine source positions. This survey also enabled us to exclude those sources which are not compact on arcsecond scales.
VLA survey
In the surveys listed above, we identified 20 sources potentially suitable for a VLBI angular broadening study; these are tabulated in Table 1 . On 1993 April 23, we observed these sources with the VLA in the B configuration. A 12.5 MHz bandpass was used with the IFs centered on 1366 and 1446 MHz. Snapshot observations of duration 7 min. were obtained. Observations of 3C286 and 3C147 were used to set the flux density scale and frequent observations of 0552+398 were used to calibrate the visibility phases.
The data were edited, calibrated, and imaged in the standard fashion within aips. Images of those sources judged unsuitable for the VLBI program are presented in Fig. 2 ; we also show the VLA image of the one source not detected in the VLBI program. We defer until §3 the images of the sources observed in the VLBI component of this program.
The fluxes given in Table 1 are derived from our VLA observations. Compact sources were fit with a single gaussian. Doubles could typically be fit with two gaussians, in which case the coordinates and brightness are for the stronger component while the flux is the sum of the flux from both components. For sources which could not be fit by gaussians, the flux was derived by summing those image pixels for which the brightness exceeded 2σ. One source we observed, 87GB 0600+3011, has no flux data listed in Table 1 . We could identify no source brighter than 10 mJy beam −1 at this location. This source appears in both the 6 cm BWE and 20 cm WB catalogs with a flux S ≈ 300 mJy. We conclude that it is likely to be largely resolved out to the VLA and is probably a Galactic H II region. It is unlikely to be variable because the observations from which the WB and BWE catalogs were assembled were separated by 4 yr, 1983 to 1987.
VLBA observations
Twelve sources were selected for further VLBI observations from the VLA survey. Of these, seven have Galactic latitudes |b| < 0. • 5; Dennison et al. (1984) had three sources with |b| < 1 • . These very low-latitude sources are important because the lines of sight to these sources traverse 50 kpc or more before exceeding the extended component's scale height in the inner Galaxy, 0.88 kpc. The remaining five sources are useful in assessing the presence of any flaring or warping of the outer ionized disk. As a control source we also observed 0611+131, a source in Dennison et al.'s (1984) survey. The log of VLBI observations is given in Table 2 .
6 and 18 cm Observations
The first set of observations was conducted at 6 and 18 cm. The 6 cm observations allow determination of the intrinsic milliarcsecond structure of the sources, while the 18 cm observations might be capable of just detecting scattering if the Galactic disk extends to 100 kpc or more, viz. The observations were conducted on 1994 May 6 and 7 in two 11 h sessions. Observations at two hour angles, of duration 6 min., were obtained for each source at both wavelengths. Dual polarization was recorded in two 8-MHz IFs for a total bandwidth of 16 MHz. The array was composed of all of the VLBA antennas and the phased VLA.
Editing of the data was performed using station-supplied logs; additional editing, mostly near scan boundaries, was also performed later. Amplitude calibration for the VLBA antennas was performed using station-supplied T sys measurements; for baselines including the VLA, a source flux density is required. At 18 cm we estimated this quantity from our VLA observations. At 6 cm we used the fluxes from the BWE catalog (Becker et al. 1991) , except for 0611+131, for which we estimated a flux of 0.23 Jy from its spectrum (Dennison et al. 1984; Ghosh & Rao 1992) . Fringe fitting was performed in two steps. First the delays across individual IFs due to the electronics were determined using a short section of a scan on 0552+398. These delays were applied to all sources, then the rates, delay across the IFs, and residual delay within the IFs were determined. Corrections for the shape of the bandpass provided little improvement in the visibility phases or amplitudes and were not applied.
90 cm
The second set of observations was conducted at 90 cm. Scattering diameters should be detectable at this wavelength unless the scale length of the Galaxy's ionized disk is less than 10 kpc in size, viz. Fig. 1 .
The observations were conducted in a single 12 h session on 1995 November 27 using the full VLBA and the phased VLA. All of the sources from the earlier VLBI session, except 87GB 0526+2458, were observed. The structure of this source at 6 and 18 cm, viz. Fig. 8 , is suggestive of a compact symmetric object (Conway et al. 1992) . We therefore judged it to be unsuitable for scattering measurements and excluded it from further observations. Each source was observed over two hour angles for a total time on source of 30 min. The sources 3C147, 3C286, and 3C454.3 were also observed to assist with fringe finding.
Only left-circular polarization was recorded. The VLBA stations recorded eight 4-MHz IFs, with 16 channels per IF, for a total bandwidth of 32 MHz; the VLA hardware and radio frequency interference (RFI) environment allowed only four IFs to be recorded.
Initial editing was performed using station-supplied logs. At 90 cm, RFI is problematic; extensive additional editing was performed to excise RFI. Amplitude calibration and fringe finding followed a similar procedure as the 6 and 18 cm observations. The single-IF delays were found by utilizing a 2 min. section from one scan of 3C147. RFI made it difficult to isolate a section of a scan containing the full frequency response of the antennas, thus no correction for the shape of the bandpass was applied.
Individual Sources
After the delay and rate solutions were applied, the data were averaged across the full bandpass (16 MHz at 6 and 18 cm and 32 MHz at 90 cm) and in time. At 6 and 18 cm the averaging time was typically 30 s and at 90 cm it was 10 s. Longer averaging times were used if a source was not detected within these initial averaging times. Of the twelve sources observed, we detect all but one, WB 0616+1522 (viz . Fig 2) , at one or more wavelengths.
Gain fluctuations remaining in the data were then removed via a few to several iterations of self-calibration (e.g., Walker 1995) . For the weaker sources, only the gain phases were corrected; both gain amplitude and phase corrections were determined for the stronger sources. In the initial self-calibration iteration we used a point-source model to correct the phases only. Thereafter we used the images produced from the self-calibrated data as the input model. We ceased the selfcalibration iterations when the off-source rms in an image was within a factor of 2-3 of the thermal limit, which is 0.6 mJy beam −1 at 6 and 18 cm and 2 mJy beam −1 at 90 cm. We did not attempt to reach the noise level given our limited hour angle coverage.
A summary of the sources is given in Table 3 and Figs. 3 and 4. Figure 3 shows the spectrum of each source detected at two or three of the VLBI observation wavelengths. Because of our limited hour angle coverage, we were unable to test our amplitude calibration via such means as u-v plane crossings. The a priori amplitude calibration at the VLBA should be accurate to 10% (Wrobel 1996) . Figure 4 shows the angular diameter as a function of wavelength for each source appearing compact at two or three of the VLBI observing wavelengths.
Our primary aim for undertaking this survey was to find extragalactic sources whose angular diameters show evidence of radio-wave scattering and could therefore be used to constrain the size of the H II disk (Paper II). Not all of the sources we have observed are suitable for our intended analysis. In this section we present the individual sources and an assessment of their use for further analysis. For sources with complex structure, we show the image produced from the self-calibrated visibility data. For sources showing simple structure, i.e., one or two gaussian components, we show the visibility data. If the source can be modelled with a single gaussian, we superpose that model on the data.
Because of the limited hour angle coverage, the angular diameters in Table 3 are found from fits of circular gaussians to the u-v data. For a subset of the sources, we also performed fits of an elliptical gaussian. We focussed on the 90 cm observations as these observations have the longest duration and, therefore, the most complete u-v coverage. The 90 cm observations are also the most sensitive to scattering-induced anisotropy, though other causes such as intrinsic structure or u-v coverage can also produce anisotropic image shapes. We restricted fits of an elliptical gaussian to those sources with S > 0.5 Jy at 90 cm, so that the data would have a high signal-to-noise ratio. Four sources-87GB 0512+2627, 87GB 0547+3044, 87GB 0600+2957, and 0611+131-meet these criteria.
We characterize the elliptical fits by the image elongation parameter e s (Romani, Narayan, & Blandford 1986) 
where a and b are the major and minor axes of the image. Romani et al. (1986) pointed out that even though the expected image shape from an isotropic scattering medium is circular, a single realization of the image shape can produce a non-zero e s . They provide expressions for the rms value of e s , σ e , in terms of the relevant observational and scattering parameters (their Table 1 ). For our 90 cm observational program and using the TC93 model to describe scattering in the anticenter, we estimate σ e ≈ 0.03 for anticenter sources. Values of e s significantly larger than this indicate (1) scattering toward the anticenter is stronger than that described by the TC93 model (i.e., larger A 1 ); (2) the density fluctuations, which are responsible for interstellar scattering, are described by a so-called "steep" power-law spatial spectrum in the anticenter (Romani et al. 1986; Rickett 1990 ); (3) the scattering medium is anisotropic; or (4) effects not related to scattering, such as those cited above, are important. We discuss the fits individually, but we shall conclude that u-v coverage or intrinsic structure are more likely than scattering to be responsible for the anisotropic images shapes that we find.
87GB 0433+4706
Although appearing compact to the VLA at 6 and 20 cm ( Fig. 5; Fich 1986 ), we detect this source only at 90cm in the VLBI observations. The lack of a VLBI detection at 6 and 18 cm may be due to scheduling and correlator constraints which resulted in this source not being observed by the VLA, the most sensitive element in our VLBI array.
Because its 90 cm structure can be fit by a single gaussian, we use this source in our analysis of scattering. The diameter of this source is a factor of ten larger than two nearby sources, 87GB 0451+4309 (see below) and 0503+467 (Spangler et al. 1986 ), even though these sources are closer to the supernova remnant HB9. This large diameter may be an indication of anomalously strong scattering or of unresolved structure (like 0611+131, §3.12).
87GB 0451+4309
Like 87GB 0433+4706 this source appears compact to the VLA at 20 cm, but is detected only at 90 cm, Fig. 6 . The same cause is likely responsible for this lack of detection as the VLA was unable to observe this source.
Because its 90 cm structure can be fit by a single gaussian, we will use this source in our analysis. The diameter of this source, 5 mas scaled to 1 GHz assuming θ ∝ λ 2.2 , compares favorably with the 4 mas diameter Spangler et al. (1986) find for 0503+467.
87GB 0512+2627
We detect this source at 18 and 90 cm, Fig. 7 . It can be fit by a single gaussian at both wavelengths and we shall use this source in our analysis.
This was one of the sources to which we also fit an elliptical gaussian. The image elongation parameter is e s = 0.11 (axial ratio b/a = 0.899). This value is significantly in excess of the rms value for isotropic scattering. The orientation of the source's major axis is aligned approximately with the orientation of the longest baselines in the u-v plane. We conclude that the image shape is likely to be dominated by the incomplete u-v coverage, and that a circular gaussian is an equally acceptable description of the source shape.
87GB 0526+2458
At 20 cm, this source appears compact to the VLA, Fig. 8 . At 18 cm our VLBI observations resolve the source into a compact symmetric object (Conway et al. 1992 ) having two components separated by approximately 60 mas. The weaker of these is not visible in our 6 cm image. Because of its structure, we judged it to be unsuitable for an angular broadening analysis and did not observe it at 90 cm.
87GB 0537+3059
To the VLA, this source appears compact, Fig. 9 . At 90 cm the source shows a simple structure. At 18 cm two components are visible, a compact core-like component and a larger halo. At 6 cm the source is detected on only the shortest baseline, PT-VLA. From the two shortest baselines, PT-VLA and LA-VLA, we constrain its 6 cm diameter to 57 mas < θ < 284 mas. We shall use the diameters derived from the 90 cm data and the 18 cm core component in our analysis.
87GB 0547+3044
At 20 cm, the source has a compact core with a jet extending approximately 30 ′′ to the west, Fig. 10 . In our VLBI observations we detect the core component at all three wavelengths. However, at 6 cm, it is detected on only the two shortest baselines, PT-VLA and LA-VLA, so that we can constrain its diameter to be only θ < 57 mas. We use only the diameters derived from the 18 and 90 cm data in our scattering analysis.
This was one of the sources to which we also fit an elliptical gaussian. The image elongation is e s = 0.17 (b/a = 0.842). Like for 87GB 0512+2627, §3.3, however, the image shape is likely to be dominated by the incomplete u-v coverage as the orientation of the source's major axis is aligned approximately with the orientation of the longest baselines in the u-v plane.
87GB 0558+2325
We detect this low-latitude source at all three wavelengths, Fig. 11 . It is compact and we use it in our analysis.
87GB 0600+2957
This source is detected at all three wavelengths, Fig. 12 . At 6 and 18 cm, two components can be identified-a compact one with a flux density of 150-250 mJy and a secondary component approximately 2 mas to the west with a flux of 100-150 mJy. At 90 cm, only one component is present. For our scattering analysis, we shall use only the more compact component.
This was one of the sources to which we also fit an elliptical gaussian. The image elongation is e s = 0.44 (b/a = 0.649). This elongation is likely to reflect intrinsic structure. First, the wavelength dependence of the angular diameter is θ ∝ λ 0.3 , as opposed to the λ 2 dependence expected for angular broadening. Second, an image of the source at 18 cm shows a comparable elongation, though with a misalignment of the position angles. The 18 cm image has a position angle of approximately −10 • while the fit to the u-v data gives a position angle of approximately 30 • .
In Paper II we show that the scattering diameter for this source is small enough to alter the estimates of the scale height of the ionized disk in the outer Galaxy by 50%. Possible explanations for a small scattering diameter are that the distribution of scattering material is patchy or that the source is Galactic. However, we have found no characteristic of the source which would cause us to favor a Galactic classification over extragalactic: Its brightness temperature is about 5 × 10 9 K; its morphology is consistent with that of extragalactic sources, a central core with a secondary component; there are no X-ray sources within 1 • ; and the nearest pulsar is PSR B0609+37. We discuss these possibilities in more detail in Paper II. Condon et al.(1983) were unable to find an optical counterpart for this source, though the field does show signs of obscuration.
87GB 0621+1219
This source is detected at all three wavelengths and can be modelled with a single gaussian component, Fig. 13 . We shall use this source in our analysis.
87GB 0621+3206
This source is detected at 18 and 90 cm, Fig. 14 . At 18 cm the source is resolved into two components, with a core-jet morphology. The visibility data show significant deviations from a gaussian, particularly at short baselines, and there is possibly a extended, nearly resolved-out component approximately 400 mas from the core. At 90 cm the source has two components, separated by 400 mas. Because of its complex structure, we shall not use this source in our analysis.
87GB 0622+1153
This source is detected at 18 and 90 cm, Fig. 15 . At 90 cm the source can be modelled with a single component. At 18 cm, we detect the source only on the PT-LA-VLA triangle. The visibility amplitude on the PT-VLA baseline, the shortest baseline, is lower than that on the LA-VLA and PT-LA baselines, possibly indicating that the source structure at 18 cm may be more complex than at 90 cm. Given the paucity of data at 18 cm, however, we shall use only the 90 cm diameter in our scattering analysis.
0611+131
This source was observed by Dennison et al. (1984) and was included in our observations as a control source. Our spectrum is in good agreement with that obtained by Dennison et al. (1984) , though the wavelengths from which they derive their spectrum differ somewhat from ours. Also, we find a flux 10-15% lower than Dennison et al. (1984) . Our 90 cm source diameter is 41.4 mas, in good agreement with their upper limit of 40 mas at 75 cm. However, as our 6 and 18 cm images show, Fig. 16 , these low-frequency source diameters are unlikely to be that of a single component. At higher frequencies, a second component is seen to the north, approximately 35 mas away from the compact component we identify as the core. Extended emission is also seen either partially or entirely linking these two components. We shall therefore exclude this source from our analysis (Paper II).
This was one of the sources to which we also fit an elliptical gaussian. The image elongation is e s = 0.66 (b/a = 0.521). This is the most highly anisotropic of the four sources for which we fit elliptical gaussians. The anisotropy of this source is likely to be dominated by the intrinsic structure. Our higher resolution observations at 6 and 18 cm reveal an elongated source structure with a comparable elongation. There is some misalignment between the image shapes, however. The 6 and 18 cm images show the source to be elongated in the north-south direction, a position angle of 0 • ; the fit to the u-v data at 90 cm finds a position angle of 24 • .
Preliminary Constraints on the Ionized Disk
The measured angular diameters are summarized in Table 3 . They are in the range 50-600 mas at 90 cm, 1-150 mas at 18 cm, and 0.4-5 mas at 6 cm. The latitude range of the sources is |b| < 10 • .
At high latitudes the expected scattering diameter of extragalactic sources is 12 mas λ 2 (sin |b|) −1/2 for λ in meters (Duffett-Smith & Readhead 1976) . Of the three wavelengths at which we observed, the 90 cm angular diameters will contain the largest contribution from scattering. Scaling the high latitude expression to 327 MHz, the expected scattering diameters are approximately 20-75 mas for sources with |b| = 1 • to 10 • .
Of the ten sources for which we have measured an angular diameter at 90 cm, seven of them have diameters smaller than 90 mas, viz. Table 3 , comparable to that expected if the Galaxy's scattering material is confined to a flat disk. Of the remaining three sources, we cannot assess the amount to which intrinsic structure contributes to the observed diameters of 87GB 0433+4706 and 87GB 0622+1153 because they were detected at only one frequency, and scattering probably does not influence the size of 87GB 0537+3059h because it is the halo of the compact component. The close correspondence between the observed angular diameters and that extrapolated from high latitudes suggests that the ionized disk is not strongly warped like H I disk. It may also indicate that the scattering material does not extend to large Galactocentric distances (R ∼ > 100 kpc). We defer a more comprehensive analysis to Paper II where we combine these observations with those in the literature and use a likelihood analysis to constrain the distribution of scattering the outer Galaxy. 
